Abstract-We characterize the alpha power and chirped types of refractive index profile planar slab waveguide in terms of TE/TM mode study, waveguide dispersion study, mode profile properties, power confinement factor and universal b-V graph. Our own developed finite element method has been efficiently applied to analyze the symmetric planar slab waveguide having a complicated refractive index profile. There is a requirement for a high accuracy of numerical technique to analyze the arbitrary refractive index waveguide, as at some frequency the TE and TM modes are smeared on each other, and it is difficult to distinguish them while analyzing. This paper successfully demonstrates the different TE/TM modes supported by the waveguide with respect to alpha-power and linearly chirped types of refractive index profile. The main contribution of our work is to identify the TE/TM mode numerically for a complex refractive index planar slab waveguide and to characterize them in terms of their performance parameters. Then we apply the mode propagation concept to estimate the propagation phenomena in alpha-power and chirped types of refractive index profile waveguide. All the results presented in this paper are simulated in MATLAB only. Our study reveals that waveguide dispersion and number of allowed guided modes are small while for the case of triangular index profile followed by chirped profile and maximum for step index profile case. Hence triangular and chirped types of refractive index profile waveguide seem to be more efficient for long haul optical communication systems.
INTRODUCTION
The rapid developments in fields such as fiber optics communication engineering and integrated optical electronics have expanded interest and increased expectations about guided wave optics, in which optical waveguides play a central role. Maxwell's equations are used to calculate the propagation characteristics of optical waveguides. It is, however, rather rare to obtain a precise analytic solution, and therefore, an exact analysis of optical waveguide is generally considered to be difficult. For this reason, various methods of optical waveguide analysis have been developed. These methods may be broadly classified into two categories: analytical approximation solutions [1] [2] [3] [4] [5] and numerical solution using computers [6] [7] [8] [9] [10] . Since optical waveguide having a complicated profile cannot be solved by analytical method, we choose it to be analyzed by Finite Element Method [11] [12] [13] [14] [15] [16] . In the microwave band, electromagnetic fields are generally distributed within a finite area surrounded by conductors, as in waveguides and coaxial lines. On the other hand, it is difficult to construct a waveguide mainly from metal in the visible wave band, since the metal will behave as a substance having a complex permittivity with a large absolute value. For this reason, waveguides are usually constructed by combining appropriate dielectrics, as shown in Figure 1 , thus distributing an electromagnetic field over an infinite area. By loading a thin film with a higher refractive index than either the substrate or the upper cladding on the substrate surface, the light can be trapped inside this film. Furthermore, as the thickness of the film increases, the effective refractive index sensed by the light increases. Waveguides in which the refractive index changes in stages are called step index (SI) optical waveguides while those with a gradual refractive index change are called graded index (GI) optical waveguides [17] [18] [19] [20] [21] [22] .
An optical waveguide that is uniform in the direction of propagation, as shown in Figure 1 , is the most basic type of waveguide, but this alone is not sufficient for construction of an optical integrated circuit. In reality, arbitrary refractive index profile waveguide can give a better performance in light guiding characteristics. Optical waveguide may be classified roughly into two sharp categories: single mode (SM) optical waveguide which allow only one mode (of a given polarization), and multi-mode (MM) optical waveguide with multi-mode propagation [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Optical waveguide having an arbitrary refractive index profile can have an excellent connecting and bending characteristics as well as dispersion control performance. This paper addresses these issues with proper simulation results in MATLAB platform. Here we have avoided the problem formulation part by using finite element method, as it is widely discussed in our recently published papers [7, 27] .
ANALYSIS OF GRADED REFRACTIVE INDEX PROFILE PLANAR SLAB WAVEGUIDES
When eigen-value β of a tri-diagonal matrix is obtained, the corresponding eigenvector R 0 , R 1 , . . . , R N is calculated by the matrix operation. Here R 0 can be determined when we normalize the total optical power P carried by the mode to 1. Figure 2 shows the schematic of the α-power refractive-index profiles given by [27] ,
Next, we shows the results of FEM analyses for TE and TM modes in the α-power refractive-index profiles given by Eq. (1). We assumed n 1 = 3.5, n s = 3.17 and a = 1 µm throughout in all calculation.
Step index profile optical waveguide as shown in Figure 2 supports 4 TE and 4 TM guided modes as shown in Figure 3 at λ = 1.55 µm. It is apparent from the plot that guided modes penetrate somewhat into the substrate region. Figure 3 reveals that various mode field profiles, only for fundamental TE 01 and TM 01 mode, are non-discriminable; however other higher order modes show 180 • phase difference with each other. Figure 4 shows the numerically simulated universal b-V graph for step index profile case for the wide span of V -number. It is clear from Figure 4 that only lower order modes show some reasonable difference in propagation constant for only lower V -number region. However, as V -number increases higher order modes emerges while TE and TM modes become non-discriminable.
Triangular Refractive Index (α = 1) Planar Slab Waveguide
Triangular index profile planar waveguide as shown in Figure 2 supports 3 TE and 3 TM guided modes as shown in Figure 5 at λ = 1.55 µm. It is apparent from Figure 5 that TE 02 and TM 02 modes are coincides. Incidentally, in contrast to step index profile, TE 01 and TM 01 modes are in opposite phases, hence they can be used as a mode filter. Figure 6 shows the numerically simulated universal b-V graph for triangular refractive index profile case for the wide span of V -number. It is clear from Figure 6 that only lower order modes show some reasonable difference in propagation constant for only lower V -number region. However, as V -number increases higher order modes emerge while TE and TM modes become non-discriminable.
Parabolic Refractive Index (α = 4) Planar Slab Waveguide
Parabolic refractive index profile planar waveguide as shown in Figure 2 supports 4 TE and 4 TM guided modes as shown in Figure 7 at λ = 1.55 µm. Interestingly it is apparent from Figure 7 that the entire TE/TM modes coincide in contrast to earlier cases. Hence they can be used as an all pass filter. It is also clear from Figure 8 that only lower order modes show some reasonable difference in propagation constant for only lower V -number region. However, as V -number increases other higher order modes emerge while TE and TM modes become non-discriminable. 
MODE PROPAGATION, WAVEGUIDE DISPERSION AND CONFINEMENT FACTOR
Figures 4, 6 and 8 show the normalized propagation constant (b) versus V -number of arbitrary refractive index planar slab waveguide for various TE and TM modes. It is apparent that only the lowest order TE 01 or TM 01 modes support lower V -number of waveguide. Figure 9 shows the computed waveguide dispersion for the fundamental TE mode from the following expression [27] 
where c is the velocity of light in vacuum. To compute the waveguide dispersion, we have used higher order polynomial technique as detailed in [27] . It is apparent that the waveguide dispersion is more negative for triangular profile case comparatively to other cases in the entire wavelength range of interest. It is known through literature that higher order modes suffer less amount of waveguide dispersion than fundamental mode. Hence it is expected that higher modes having a triangular refractive index slab waveguide may suffer less amount of waveguide dispersion. This may have a specific application for zero wavelength shifts while adding material dispersion to calculate the total dispersion in long haul systems. This also shows that by deploying the alpha power refractive index profile waveguide we can tune the zero dispersion wavelength from wide range of wavelength. Figure 10 shows the calculated power confinement factor (Γ) which is the ratio of power into the core versus total power in the computation window. It reveals that as the core width increased, substantial amount of power is confined into the core region, which is more prominent for the case of triangular refractive index profile case. It is also evident from the analysis that compared to step index profile, other profiles are more advantageous for longer wavelength application like while operating by DFB laser. If we compare Figures 3, 5 and 7, we can say that the fundamental mode shape which is more or less Gaussian has a sharp and high peak for the case of only triangular refractive index waveguide case. Figure 11 shows the calculated power confinement factor versus wavelength for fundament mode case. It shows that confinement is low for the step index profile while it is high for the case of triangular (α = 1) or parabolic profile (α = 2) case. This effect is quite useful for high power delivery applications. It is known through literature that fundamental mode can carry maximum and confined power compared to other higher order modes. 
BEAM PROPAGATION IN A α-POWER REFRACTIVE INDEX PROFILE OF PLANAR SLAB WAVEGUIDES
We have computed allowed value of wave propagation constant β for entire wavelength range by using finite element method [7, 27] and then launch the actual mode at z = 0 onto the α-power waveguide structure. We have presented Gaussian field profile into modes with positive effective permittivity and into actual guided modes. It has been found while doing simulation that incident field can be well represented by some of the modes with positive effective refractive index. Figure 12 shows a Gaussian beam which is a representation of positive effective index mode and cannot be distinguished with the actual Gaussian beam for the case of step index waveguide. However, the guided modes only deviate from the Gaussian shape of beam for this case. It has been found that incident field can be well represented by some of the modes with valid effective refractive index. Figure 12 propagates along a step index profile waveguide. We have plotted the contour plot for power P (x; z) where x runs from bottom to top and z, the propagation axis, from left to right. In the present case, the overlap integral factor R between the incidents Gaussian beam f and its representation g by guided modes which is defined by |(g, f )| 2 = R(g, g)(f, f ) turns out to be 0.9813. This is acceptable range as the Cauchy-Schwartz inequality says 0 ≤ R ≤ 1. Figure 13 shows the field of Figure 12 with valid effective index launched at x = 1 µm which then propagates along the z-direction with its appropriate propagation constant. Figure 14 shows a Gaussian beam which is a representation of actual guided mode for the case of triangular refractive index waveguide. Figure 15 shows the field of Figure 14 with actual guided mode launched at x = 1 µm which then propagates along the z-direction with its appropriate propagation constant. This is the special case when the guided mode is exactly resembled with the Gaussian pulse, hence it may have a very specific application in long haul communication systems. In the present case, the overlap integral factor R between the incidents Gaussian beam f and its representation g by guided modes turns out to be 0.9912, which shows very good agreement for the actual guided mode. It is also apparent from Figure 15 that actual guided field is split into two equal parts after propagating over z = 20 µm length over the waveguide. Figure 16 shows a Gaussian beam which is a representation of actual guided mode for the case of parabolic (α = 4) refractive index waveguide. Figure 17 shows the field of Figure 16 with actual guided mode launched at x = 1 µm which then propagates along the Figure 16 propagates along a parabolic index profile waveguide.
(a) (b) (c) (d) Figure 18 . A variety of linearly chirp type refractive index profiles generated by varying refractive index profile parameters [31] .
z-direction with its appropriate propagation constant. In this case the shape of guided mode is deviated with the Gaussian beam at centre portion. In this case, the overlap integral factor R between the incidents Gaussian beam f and its representation g by guided modes turns out to be 0.9747. This is also good resemblance with the actual guided mode. It is also apparent from Figure 17 that actual guided field is split into two equal part after propagation over z = 100 µm length over the waveguide. This effect may be more prominent for this case due to an distortion in the initial launched pulse (guided mode) as evident from Figure 16 . In the entire analysis of this section we have applied the mode propagation technique with transparent boundary condition [33] . 
CHARACTERIZATION OF LINEARLY CHIRP TYPES OF REFRACTIVE INDEX PROFILE OF PLANAR SLAB WAVEGUIDES
Now further we define a generalized linear chirp type refractive index profile which is a more complicated profile than the previous case and is defined as [27, 31] ,
where n 1 is the refractive index at the center of the waveguide at x = a; α controls the decay or growth of the profile envelope; N c is the number of cycles in a core radius; a is the core radius; n s is the cladding or substrate refractive index. It can be noted that the parameters, which define the index profile can be divided in two parts. One is the fiber parameters such as a, n 1 , n s and the profile parameters such as α and N c . By varying these parameters (a, n s , n 1 , N c , α), one can generate profiles from simple step index type to complex multiple cladding type as shown in Figure 18 . For an example, the profile parameters are N c = 0 and α = 0 respectively for step index profile. Now we show the results of our FEM analyses for TE and TM modes for the chirped types of refractive-index profiles given by Eq. (3). We assume n 1 = 3.5, n s = 3.17 and a = 1 µm throughout in all cases. According to Figure 18 , the core radius is 0 ≤ x ≤ 2a. The chirped type of refractive profile corresponds to N c = 3, α = 0, as shown in Figure 18 (a) and supports 1 TE and 1 TM guided modes as shown in Figure 19 at λ = 1.55 µm. It is apparent from the plot that guided modes penetrate some-what into the substrate region. Figure 19 reveals that fundamental TE 01 and TM 01 modes are non-discriminable and resembled closely. This feature is quite contradictory to alpha power refractive index profile where many modes exist, and some of them are out of phase with each other. Figure 20 shows the numerically simulated universal b-V graph for chirped profile (N c = 3, α = 0) case for the wide span of V -number. Apparently, only lower order mode shows significant difference in propagation constant for only lower V -number region. However, as V -number increases another mode emerges while TE and TM modes are still discriminable. This feature is unique compared to alpha power profile case, hence may have a specific application where TE and TM modes should be differentiable for all values of normalized frequency.
Chirped Refractive Index (N c = 2.5, α = −1.5) Profile Case
This case corresponds to Figure 18 (b) and supports 1 TE and 1 TM guided modes as shown in Figure 21 at λ = 1.55 µm. Interestingly, compared to Figure 19 , the intensity of electric and magnetic fields differ more as the complexity of the refractive index increases. Figure 22 shows that the fundamental TE/TM mode differs substantially for lower V -number; however, difference is reduced for higher V -number case. The structure supports 4 TE and 4 TM modes for the entire range of normalized frequency. The large difference of field intensity and normalized propagation constant may have some specific applications in optical circulators or isolators.
Chirped Refractive Index (N c = 2.6, α = 0.8) Profile Case
This case corresponds to Figure 18 (c) and supports 1 TE and 1 TM guided modes as shown in Figure 23 at λ = 1.55 µm. Interestingly, the intensity of electric and magnetic field patterns are opposite at the c-band wavelength on which the WDM optical system works due to low loss and compatible for optical amplifier. Figure 24 shows the computed universal b-V graph for this case. The structure supports 2 TE/2 TM modes for the entire range of normalized frequency. The opposite field intensity pattern may have some specific applications in polarizer where we need to cut off the other field component. 
Chirped Refractive Index (N c = 2.5, α = 2.8) Profile Case
This case corresponds to Figure 18 (d) and supports 1 TE/1 TM guided modes as shown in Figure 25 at λ = 1.55 µm. Indeed the electric and magnetic field intensities are in the same phase and intensity at c-band. Figure 26 shows the computed universal b-V graph for this case. The structure supports 2 TE/2 TM modes for the entire range of normalized frequency. The normalized propagation constant b differs for the entire operating frequency V , which is quite unusual compared to the previous case. The same field intensity pattern may have some specific applications in laser technology where we need to generate highly concentrated light beam. or TM 01 supports lower V -number of waveguide. Figure 27 shows the computed waveguide dispersion for the fundamental TE mode from Eq. (2). As usual, to compute the waveguide dispersion, we use higher order polynomial technique [27] . Comparison shows that for the case of N c = 2.5, α = −1.5 waveguide dispersion is minimum for lower V -number but maximum for higher V -number; however the phenomena are reverse for the case of N c = 2.5, α = 2.8. It means that negative waveguide dispersion can be achieved by using more complicated profile such as dip in the centre of profile as shown in Figure 18 (b). Figure 28 shows numerically calculated power confinement factor (Γ) versus wavelength for fundament mode case which is the ratio of power into the core versus total power in the computation window. It shows that confinement is low for the case of N c = 2.5, α = 2.8 while it is high for the case of N c = 2.5, α = −1.5 case. Again this result supports our finding that for the case of N c = 2.5, α = −1.5 the waveguide dispersion is minimum for lower V -number region. It can be said that the profile that corresponds to Figure 18 (b) may be more useful for high power delivery applications in WDM optical systems. 
WAVEGUIDE DISPERSION AND CONFINEMENT FACTOR FOR CHIRPED TYPE REFRACTIVE INDEX PROFILE WAVEGUIDE

MODE PROPAGATION IN A LINEARLY CHIRPED TYPES OF REFRACTIVE INDEX PROFILE OF PLANAR SLAB WAVEGUIDES
Prior to estimating the behavior of actual mode propagation through waveguide, we must know the allowed value of wave propagation constant β for entire wavelength range [7, 27] and then ride the actual mode at z = 0 onto the chirped profile waveguide structure. Here too we have presented a Gaussian field profile into modes with valid effective permittivity as well as actual guided modes. It has been shown in earlier case that incident field can be well represented by some of the modes with valid effective refractive index, which is true for chirp profile too. Figure 29 shows a Gaussian beam which is a representation of valid effective index mode and slightly distinguishable with the actual Gaussian beam for the case of chirp refractive index profile (α = 0, N c = 3) case. However, the guided modes quite deviate from the Gaussian shape of beam for this case. In the present case, the overlap integral factor R between the incidents Gaussian beam f and its representation g by guided modes turns out to be 0.6860, which is an acceptable range as the Cauchy-Schwartz inequality says 0 ≤ R ≤ 1. Hence our propagation result is valid. Figure 30 shows the field of Figure 29 with positive effective index launched at x = 1 µm which then propagates along the z-direction with its appropriate propagation constant. Figure 31 shows a Gaussian beam which is a representation of actual guided mode for the case of chirp refractive index profile (α = −1.5, N c = 2.5) case. Figure 32 shows the field of Figure 31 with the actual guided mode launched at x = 1 µm which then propagates along the z-direction with its appropriate propagation constant. This is the special case when the guided mode is strongly deviated with the Gaussian pulse. As in the present case the overlap integral factor R between the incidents Gaussian beam f and its representation g by guided modes turns out to be 0.6507. This is still under the acceptable range of validity. Figure 32 shows the actual guided mode propagation over z = 100 µm length of waveguide. It shows that the pulse shape remains preserved except the broadening as contrary to alpha power refractive index profile case. Hence the chirp profile will be more useful than alpha power refractive index profile. Figure 33 shows a Gaussian beam which is a representation of actual guided mode for the case of chirp refractive index profile (α = 0.8, N c = 2.6) case. In this case, the overlap integral factor between the incidents Gaussian beam and its representation by guided modes turns out to be 0.7042. Figure 34 shows the field of Figure 33 with actual guided mode launched at x = 1 µm which then propagates along the z-direction with its appropriate propagation constant. In this case, the shape of guided mode remains more or less preserved too except broadening. Figure 35 shows a Gaussian beam which is a representation of actual guided mode for the case of chirp refractive index profile (α = 2.8, N c = 2.5). In this case, the overlap integral factor between the incidents Gaussian beam and its representation by guided modes turns out to be 0.7515. Figure 36 shows the field of Figure 35 with actual guided mode launched at x = 1 µm which then propagates along the z-direction with its appropriate propagation constant. In the entire analysis of this section, as compared to previous analysis, we have applied the mode propagation technique with transparent boundary condition [33] .
CONCLUSION
In the conclusion of the paper, we have characterized the properties of graded/linearly chirp types of refractive index profile. We have demonstrated how the actual mode in the form of input beam propagates through α-power refractive index profile waveguide. We then characterize the waveguide in terms of α-power and chirped types of refractive index profile while considering both the TE and TM mode cases. Initially we have used the Finite Element Method to compute the allowed value of propagation constant then applied the Beam propagation method with transparent condition to demonstrate the pulse propagation in the form of actual mode. Then waveguide dispersion, guided mode profile, power confinement factor and universal b-V graph are estimated for various cases. It has been demonstrated that for the step index profile case all the TE/TM modes differ substantially compared to triangular and parabolic index profile case. It is also observed that except for step index profile case higher order TE/TM modes are almost smeared for α = 1, α = 4 profile cases. The main aim of this paper is to establish a strong comparison between alpha power refractive index profiles and chirped refractive index profile waveguide to analyze the TE/TM mode numerically followed by characterization. Then we apply the mode propagation concept to estimate the propagation phenomena in alpha and chirp type refractive index profile waveguide. We have substantiated the importance of triangular/chirped types of refractive index planar slab waveguide while comparing with other cases. It is because of its high power confinement factor, low waveguide dispersion properties; fundamental mode shape is an exactly Gaussian shape. Hence triangular index profile followed by chirped types of refractive index profile waveguide seems to be more useful for high power delivery and long haul optical communication systems. In fact, chirped type refractive index profile waveguide shows no pulse distortion except broadening compared to alpha power refractive index profile waveguide hence will be more useful in optical communication systems where low dispersion link has to be deployed.
